FePt with ordered L1 0 structure is a promising material for high-density magnetic recording media because the material has high magnetic anisotropy energy. The film is considered to show excellent thermal stability. However, the practical use of FePt media is hindered by several problems that must be solved, i.e. decrease of ordering temperature, realization of films with perpendicular magnetic anisotropy, reduction of media noise, and development of writing methods of bits on high-coercive-force media. Among these problems, the former two problems are being resolved, but the problems associated with reducing media noise and developing writing methods still remain unsolved. It is expected that these problems will be solved by introducing new ideas or methods. Hereafter it will be important to form double-layer perpendicular magnetic recording media and to estimate the read and write characteristics of the media.
Introduction
The area density of hard disk drives continues to increase and media with area densities of around 109 Mb/mm 2 (70 Gb/in 2 ) have been marketed. At the laboratory level we have succeeded in demonstrating 155 to 233 Mb/mm 2 (100 to 150 Gb/in 2 ) area density. When we try to increase the area density further, we encounter problems associated with media, heads, the HDI (head disk interface), the track servo and signal treatment. For media, we are faced with the problem of reducing media noise while maintaining good thermal stability, because the thermal stability tends to decrease with decreasing media noise. It is necessary to improve the two conflicting characteristics simultaneously. Under such a situation, The use of materials with high Ku (magnetic anisotropy constant) values are considered to be promising because good thermal stability will be ensured by employing these materials as recording layers. It is also considered that the exchange of recording layer materials from CoCrPtB-alloy to CoCrPt-system granular, (Co/Pd) multilayer and FePt ordered alloys is required. But FePt ordered films have problems that must be solved before they can be applied to practical recording media. For L1 0 -FePt ordered films, ordering temperature must be decreased, perpendicular magnetic anisotropy with appropriate crystal orientation must be realized, media noise must be reduced and methods of writing signals on high-Ku media must be developed. Some works on these problems are reviewed in the following sections.
Decrease of Ordering Temperature
The transformation temperature of FePt from the fcc phase to the L1 0 ordered phase is higher than 773 K, but substrates of recording media cannot withstand such high temperatures. Therefore, the ordering temperature of FePt film must be lowered. At present, both aluminum and glass substrates are used. It is considered that in the future, glass substrates will be mainly used. Glass substrates must be used at temperatures lower than the glass transition temperature. Desirable temperatures for glass substrates are probably lower than 673 K. It is important to avoid the deterioration of substrate flatness caused by high temperature deposition and heat treatment, because at 620 Mb/mm 2 (400 Gb/in 2 ), the flying height of the head will become less than 5 nm. Consequently, the improved flatness will be needed to achieve stable flying of the head.
Several methods of decreasing the ordering temperature have been reported: e.g., the addition of a third element such as B, Sb and Cu to FePt films, [1] [2] [3] employment of a multilayer film consisting of Fe and Pt followed by annealing, 4) and annealing in high-pressure gas. 5) It has been shown to be possible to lower the starting temperature of ordering to about 623 K. Figure 1 shows the results of decreasing the ordering temperature by adding B to CoPt. At 673 K, high coercive force (Hc) was obtained and ordering temperature was decreased by about 200 K with the addition of 4.9 at% B. Because CoPt alloy also has the L1 0 ordered structure and a high Ku value, similar to FePt alloy, CoPt film is one of the alternative high-density recording materials. Its ordering temperature is also high and the decrease of the ordering temperature is necessary. At an area density greater than 310 Mb/in 2 (200 Gb/in 2 ), perpendicular magnetic recording is considered to be suitable for hard disk drives from the viewpoint of the writing ability of heads. Accordingly, the easy axis of magnetization is required to be perpendicular to the recording film plane. It is important to realize h001i orientation of L1 0 -FePt crystals. MgO and B 2 O 3 underlayers have been employed to form h001i-oriented L1 0 -FePt crystals. Figure 2 shows the effect of a MgO underlayer on the orientation. The MgO underlayer and FePt layer were grown on a surface-oxidized Si substrate. 1, 6) FePt film exhibits island structure. Without a MgO underlayer, the preferred growth orientation of FePt film is h111i. It has been found that L1 0 -FePt film with h001i orientation can be obtained when a (Fe/Pt) multilayer is deposited on a B 2 O 3 underlayer deposited on a surfaceoxidized Si substrate followed by rapid annealing.
7) The conditions necessary to obtain h001i-oriented L1 0 -FePt film, annealing time, film thickness, compositional range of Fe and Pt have been clarified.
The above experimental results are for single-layer perpendicular magnetic recording media which have no soft magnetic underlayer. However, the h001i orientation in double-layer perpendicular magnetic recording media with the soft magnetic underlayer is required for practical use because double-layer perpendicular magnetic recording media are preferable for high-area-density recording. A medium with the layer structure of substrate/MgO/Cr(111)/ FeSi(100)/MgO/FePt/C has been reported as a typical example of oriented double layer perpendicular magnetic recording media.
8) The temperature used to deposit this medium is low, 573 or 623 K, so there is no problem in the heat resistance of the substrates. Reading and writing of this medium by heads are also possible, and it is now almost complete as a double layer perpendicular magnetic recording medium. It has also been reported that a FePt-Ag granular medium can be formed by depositing and annealing a (FePt/ Ag) multilayer. By this method, double-layer perpendicular magnetic recording media have been formed and media on which the recording layer is L1 0 -FePt film with h001i orientation have been obtained. 9) As mentioned above, perpendicular magnetization films have been realized in the case of island-growth film, continuous thin film and granular FePt film. However in the case of FePt particles being formed by a chemical reaction, the perpendicular magnetization films have not yet been realized. In the chemical reaction, FePt particles smaller than 10 nm in diameter are formed from Fe(CO) 5 and Pt(acac) 2 (platinum acetylacetonate). 10, 11) There have been some trials in which annealing in magnetic fields make FePt particles have perpendicular magnetic anisotropy, but there have been no reports on successful trials.
Reduction of Media Noise
Ku of the FePt ordered phase is as large as 7 Â 10 6 J/m 3 , and the thermal stability is considered to be excellent, but the reduction of media noise is a challenge. In order to decrease media noise magnetic cluster size needs to be small. The cluster sizes necessary to achieve 310 and 620 Mb/mm 2 (200 and 400 Gb/in 2 ) are estimated to be about 9 nm and 6-7 nm, respectively. It is considered that reductions of both the crystal grain size to about 6 nm and the magnetic exchange interaction between FePt grains are considerably effective for realizing such a small magnetic cluster size. FePt film thickness of less than 10 nm is adequate to increase the linear recording density up to about 1700 kFCI, which is necessary to realize an area density of 620 Mb/mm 2 (400 Gb/in 2 ). Granular media, island-growth film, multilayer film and film formed by chemical reaction have been developed for reducing magnetic exchange interaction between grains.
In granular media, FePt crystal grains are dispersed in a nonmagnetic matrix such as MgO, SiO 2 and so on. Al 2 O 3 , Si 3 N 4 and C are also used as matrix. Decrease of magnetic exchange interaction between FePt crystal grains is expected because dispersion widens the distance between grains. Experiments of adding up to 30 vol% MgO, Al 2 O 3 and SiO 2 have been reported for double-layer perpendicular magnetic recording media. 12) Magnetic cluster size decreased with the addition of oxide and in paticular, the cluster size decreased by about 30% in the case of SiO 2 . In the case of MgO addition, bits recorded at 600 kFCI were clearly observed by MFM and even those recorded at 700 kFCI could be observed. Figure 3 shows an example of island-growth FePt film.
1)
Isolated grains with diameter of about 6 nm, can be seen in the plan-view and cross-sectional micrographs. The isolated grains grow and become a continuous film with increasing and Cross-sectional view (light).
FePt Magnetic Recording Media: Problems and Possibilities for Practical Usefilm thickness. In this case, the thin isolated grains are employed as the recording layer. The film has order parameter S equal to 1 and h001i preferred orientation. It is confirmed from the M plot, which indicates the strength of magnetic exchange interaction between FePt grains, that the exchange interaction between the isolated grains is decreased. However the deposition temperature of FePt grains is higher than the glass transition temperature and thus it must be decreased to below 673 K. Perpendicular magnetic anisotropy and high Hc are realized by annealing (FePt/Ag) multilayer films.
13) V B (Barkuhausen volume), which corresponds to the activation volume for magnetic switching, is as small as 3:5 Â 10 À25 m 3 . The small value indicates that FePt grains separate magnetically from each other.
In FePt grains formed by chemical reaction, excellent grain separation can be seen in TEM observations. In the M plot, M is confirmed to be small. 14) The relation between magnetic cluster size and Hc is obtained analytically as 15) Hc ¼ Àð2Ku=MsÞ þ ðNz{NxÞ=Ms: ð1Þ
Here, Ms is the saturated magnetization, Nz is the demagnetizing factor of the magnetic cluster in the thickness direction and Nx is the demagnetizing factor of the magnetic cluster in the radial direction. Magnetic reversal is assumed to be in the coherent mode and the shape of the magnetic cluster is assumed to be columnar. At a constant film thickness, Nz{Nx become thinner with decreasing magnetic cluster size. At that time Nz-Nx becomes small gradually and its value changes from positive to negative. Accordingly it can be confirmed that the absolute value of Hc increases with decreasing magnetic cluster size. This relation between Hc and magnetic cluster size is confirmed experimentally to exist for the CoCralloy and the CoCrPt-granular systems. Figure 4 shows an example of such a relation measured for CoCrPt-SiO 2 granular media. 16) 
Development of Writing Methods on High-Hc Media
Because Ku of FePt ordered film is high, H k 17) becomes as high as 10 MA/m. As can be seen in eq. (1), Hc increases when magnetic cluster size is decreased in order to decrease media noise. Accordingly even FePt films with thicknesses of less than 10 nm show high Hc ranging from 1.6 to 2.4 MA/m when the FePt grains are well separated. Under such conditions, it is certainly possible that recording bits can not be written on FePt media using write heads. Maximum Bs of magnetic pole material is limited to be 2.4 T; materials with Bs greater than this value can not be expected to be usable. The writing ability of a magnetic head with a single pole has been estimated by computer simulation.
18) Figure 5 shows one of the results. TH is the throat height of the main pole of the head. It is calculated that a 1.6 MA/m magnetic field can be applied to the recording layer in a case of 100 nm track-width head. Because the slope, , of the M-H hysteresis curve at Hc of the FePt film, in which the exchange interaction between the grains decrease, is about 1 to 2, the writing magnetic field is required to be Hc multiplied by a factor of 1.4 to 1.7 in order to magnetically saturate the FePt film. Considering this, Hc must be less than 1.1 to 1.2 MA/m. At present, it is difficult to write recording bits fully using single-pole heads in double-layer perpendicular magnetic recording media with Hc greater than 480 kA/m. Some heat-assisted magnetic recording methods have been proposed. In these methods, the medium temperature is increased by optical irradiation upon writing so that the Hc of the medium is decreased. A method using the solid immersion lens 19) had been proposed as one of these methods. Recently, a method of using a bow tie antenna 20, 21) 
Summary
For practical application of FePt magnetic recording media, the reduction of media noise and the development of writing methods on high-Hc media must be achieved. It is necessary to investigate the read and write characteristics of double-layer perpendicular magnetic recording media with FePt film as the recording layer. There are few research focused on these points. Other problems including the decrease of the ordering temperature and the realization of films with perpendicular anisotropy have been, to some extent, resolved. Hereafter it is expected that research and development aiming at practical use will become active. It is also expected that the above problems can be solved by introducing new ideas.
